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This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. . These models can be particularly useful for large-scale 1 extrapolation, and for exploring how future changes in land use and/or fertiliser application 2 may impact river water quality (e.g. Johnes et al., 2007) . However, since they operate by 3 applying an empirically-derived export value to each hypothesised source they do not lend 4 themselves to new inferences about potential processes. 5 6 A hybrid of these two approaches links river water quality to catchment characteristics or 7 attributes, and employs statistical techniques for up-scaling. These models can shed light on 8 potentially important drivers via the catchment characteristics incorporated in the model, but 9 since they do not include complex and heterogeneous processes they can be applied over large 10 spatial areas (Wade et al., 2004; Cherry et al., 2008) . Developing water quality models based 11 on the percentage surface area of a catchment covered by a particular characteristic was 12 traditionally undertaken using mapping techniques (e.g. Lynch and Dise, 1985) , but with the 13 advent of GIS, the approach is much faster and has seen considerable development in recent 14 years. GIS-regression based approaches have been used to explore controls on the (European Parliament, 2000) . Simple GIS-based statistical 2 models of river water quality and associated spatial predictions are potentially highly useful 3 for identifying river reaches at risk of failing to meet environmental objectives set by such 4 legislation. This approach may provide a useful complement or alternative to those process-5 based models currently in use for informing decisions regarding the targeting of measures to 6 reduce river pollution. 7 8 This paper explores empirical relationships between river water quality and a suite of 9 catchment characteristics in North West England. This region is characterised by a wide range 10 of land uses and catchment settings. It represents a mix from the urban heartlands of the 11 industrial North West to upland rural areas of outstanding natural beauty, and consequently 12 there is considerable variability in water quality. Within a GIS framework, linear relationships 13 are used to predict river water pH and the concentrations of calcium, magnesium, nitrate-N, 14 orthophosphate-P and suspended solids across the North West. Model outputs are validated 15 using a large independent dataset. The aims of the study are to (1) identify broad-scale 16 controls on river water quality, (2) provide insights into the relative importance of diffuse and 17 distal point sources for chemical constituents of water quality, and (3) investigate the utility of 18 GIS-regression based approaches for predicting river water quality in the North West. 
Statistical methods 22
To assess potential controls on mean river water quality, stepwise multiple linear regression 23 (SMLR) analyses were performed. SMLR analysis identifies a subset of predictors (Table 1)  24 that statistically contribute to explained variance on the response variable. Monitoring sites 25 were randomly separated into two groups, the first for model derivation, and the second for 1 model validation. Given the greater uncertainty in model predictions at the catchment scale it 2 is important to test model outputs on large independent validation datasets (Cherry et al., 3 2008). Therefore, model development and validation datasets were split into two equal sized 4 groups (see section 3.1 for the number of sites for each determinand). In both groups a wide 5 range of catchment characteristics and sizes were included, as well as a good spatial 6 distribution of sites (Figure 1 ). Error was assessed for each set of values of the independent 7 variables by visual examination of residuals and by diagnostic indices. Plots of the estimates 8 of the dependent and standardised residuals were also constructed to test for homoscedasticity. 9
To assess multivariate collinearity, tolerance and variance-inflation factor (VIF) statistics 10 were also assessed. These build in the regressing of each independent variable on all others. 11
Regression models for the determinands were tested by comparing observed mean values with 12 the predicted mean values for the second independent group of sites. All statistical analyses 13 were performed in JMP v8 (SAS). 14 
River water quality and the geography of the North West 7
There is considerable variability in land cover across the North West region (Table 2) concentrations. There is also some over-prediction for some low P sites. Comparison of 10 observed and predicted SS concentrations also shows under-and over-prediction (Figure 2f) . 11 12
Spatial predictions 13
The regression equations (Table 3) Thornton and Dise, 1998). The spatial prediction of pH (Figure 3 ) highlights low pH levels in 4 the high altitude areas of the Lake District and the Pennines, and high pH in the lowland areas 5 and the river valleys in the north of the region. 6
7
The results of the analysis reveal that NO 3 --N is related to arable cover and, to a lesser extent, 8 the cover of improved grassland and urban (Table 3 ). This is in agreement with other studies 9 Table 2 . Mean values for selected catchment characteristics and water quality for Environment Agency monitoring sites in North West river basins. Values in parenthesis are the range of catchment characteristics and water quality for individual sites within each basin. The river basins are shown in Figure 1 . 
